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ABSTRACT: The environmental impacts of diuron have generated growing interest in 
remediation methods to prevent the potential threat of diuron to ecosystem integrity and human 
beings. Here, a simple and effective nanocellulose-based biocomposite coupled with 
Arthrobacter globiformis D47 as a herbicide degrader is presented for the rapid elimination of 
diuron. First, bacterium D47 was immobilized on the fiber networks of the nanocellulose, 
forming a bacteria-decorated nanocellulose (BDN) that outperformed direct utilization of 
bacterial suspensions for diuron decomposition. More importantly, the advantageous features of 
BDN could remarkably broaden its applicability since the bio-hybrid material rapidly degraded 
diuron and its major metabolite 3,4-dichloroaniline at low concentrations (1~10 mg L-1). In 
addition, the morphology of BDN revealed the excellent biocompatibility of nanocellulose as 
cell scaffolding for bacterial proliferation. Then, the adsorption capacity of the nanocellulose and 
the enzymatic metabolism of the bacteria were validated as a joint mechanism of the BDN 
biocomposites in the removal of diuron. In addition, the wide applicability of BDN was further 
verified by the degradation of diuron in environmental matrices and other phenylurea herbicide 
targets. Therefore, the novel microorganism-immobilized nanocellulose composites provide a 
promising alternative material combining functional microorganisms with emerging 
nanomaterials, which may facilitate the bioremediation of organic xenobiotic pollution in 
complex environments.  








With the development of modern agriculture, herbicides are increasingly being employed 
worldwide, accounting for nearly 50% of the adopted agrochemicals [1, 2]. Although multiple 
integrated weed management practices have been encouraged and implemented in crop 
production, the perceived over-reliance on herbicides has generated concerns among industry, 
government entities, research scientists and the general public [3, 4]. Moreover, excessive and 
inappropriate use of herbicides habituated from long-term conventional tillage leads to inevitable 
residual pollution and frequent herbicide resistance that undermines productivity, sustainability 
and profitability in agroecosystems [5, 6]. In particular, many studies have warned that 
herbicides are among the key contributors to pollution stress on non-target organisms with 
respect to their survival, function and biodiversity since the active ingredients of herbicides and 
their metabolites have been ubiquitously detected in aquatic, marine and edaphic environments 
[7-9]._ENREF_9 Nevertheless, microorganisms possess attractive potential to accelerate the 
breakdown and transformation of organic xenobiotic compounds present in environmental 
matrices via enzymatic metabolism [10, 11]. In fact, taking advantage of molecular biology, 
novel bioreactors and immobilization techniques, biodegradation treatments are being 
remarkably improved due to the enhanced survival of the applied microbes and their ability to 
degrade, which facilitates the in situ removal of target pollutants [12, 13].  
Among those methods, immobilization (involving adsorption, entrapment and attachment) is 
generally considered to be an effective means to improve microbial stability and advantageously 
maintain their catalytic function [14, 15]. In this process, a variety of organic/inorganic materials 
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have been employed as carriers with their distinct properties that could constitute a relatively 
stable space for a selected single strain or mixed consortium [16-18]. Due to the lack of 
flexibility and biocompatibility, however, the ability of immobilized hybrid in contaminant 
degrading was inhibited for the insufficient cell density and less stability. Recently, bacterial 
nanocellulose, a biopolymer synthesized by Gluconacetobacter xylinus has thrived in the fields 
of environmental science, biosensing, biomedicine, engineering and food products as a novel 
nature-based nanomaterial. Importantly, owing to its extraordinary properties, such as high 
porosity, inherent renewability, biodegradability, flexibility and great biocompatibility, bacterial 
nanocellulose offers a desirable culture scaffold for cell proliferation in bioremediation 
applications [19-21]. For instance, a previous study showed that bacterial nanocellulose could be 
employed for immobilizing bioluminescent bacteria Aliivibrio fischeri, leading to a simple and 
cost-effective device for rapid screening of hazardous compounds in real matrices [21]. 
Diuron, a type of phenylurea herbicide (PUH), has been used for weed management in the pre- 
and post-germination stages. Because of its stability and sorption to soil, it is persistent and 
widely detected. As a consequence, diuron has been classified as a major pollutant in the 
environment [22, 23]. In addition, diuron and its metabolite 3,4-dichloroaniline (3,4-DCA) 
possess toxicity to organisms with chronic exposure [24-26]. In response, according to 
a_ENREF_23 previous study, Arthrobacter globiformis D47 was isolated and reported as a 
diuron-degrading bacterium [27]. However, the application of free bacteria in real environment is 
limited since the degrading activity could be easily inhibited by multiple factors. Herein, we 
present an effective, easy-to-fabricate and environmentally friendly biocomposite for diuron 
removal based on a bacteria-decorated nanocellulose (BDN) consisting of strain D47 as the bio-
degrader and nanocellulose as the bio-scaffold. Based on the advantageous nanocellulose, this 
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platform could remarkably improve the survival and activity of diuron-degrading bacteria and 
enhance their applicability in the real environment. First, BDN was fabricated by immobilizing A. 
globiformis D47 in the fiber networks of the nanocellulose. The morphology and diuron-
degrading ability of the as-prepared BDN were characterized. Next, the mechanism of the diuron 
elimination by BDN was proposed via the analysis of the absorption and biotransformation 
processes. Finally, its outstanding potential towards diuron bioremediation was highlighted by 
the rapid degradation of environmental diuron residue.  
2. MATERIALS AND METHODS  
2.1. Chemicals  
All the reagents were carefully handled according to their data sheets. Bacterial nanocellulose 
was purchased from Nanonovin Polymer Co. (Mazandaran, Iran). Standards of PUHs including 
diuron (98%), linuron (97%), chlortoluron (98%) and isoproturon (98%) were purchased from Dr. 
Ehrenstorfer GmbH (Augsburg, Germany). The diuron metabolite 3,4-DCA (98%) was 
purchased from Sigma-Aldrich (Taufkirchen, Germany). Each stock solution (1 g L-1) was 
prepared in acetonitrile and stored at 4 ºC. The mobile solvents for high-performance liquid 
chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS) were 
purchased from Fisher Scientific, Inc. (Fair Lawn, NJ, USA). An 81% diuron wettable powder 
(WP) formulation was obtained from Xinma Biotech (Jinan, China). All other chemicals and 
reagents used were of analytical grade. 
2.2. Microorganism cultivation 
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The lyophilized diuron-degrading bacterium A. globiformis D47 (Code CIP 105365) was ordered 
from Institut Pasteur-CRBIP (Paris, France). The instructions for strain activation were followed 
to obtain the single colony in an agar plate, which was then inoculated into Luria-Bertani (LB) 
medium (pH at 7.0). The cell density described as the colony forming units (CFU) was 
determined by calibrating the respective optical density at 600 nm that is the OD600 nm of 
bacterial suspension and colony number of different dilutions in agar plates. The results were 
fitted by the equation: 𝑦 = 3.2599𝑥 + 6.4904 (R2=0.984), where x is the OD600 nm value and y is 
the cell density (CFU mL-1). The procedure for routine cultivation was conducted by inoculating 
10 μL of a bacterial suspension at 1.4 of OD600 nm (approximately 2.4×1011 CFU mL-1) into 50 
mL of LB in a 250-mL Erlenmeyer flask and incubating the suspension on a rotary shaker at 25 
ºC at 200 rpm for 24 h.  
2.3. Preparation and characterization of BDN 
Importantly, the employed nanocellulose was previously characterized in terms of the average 
fiber diameter (~45 nm) and length (~10 μm). The nanocellulose also exhibited a crystallinity of 
82% and a Young’s modulus of 17 GPa [28]. This nanocellulose was cut into 5-mm diameter 
circular pieces (~1 mm of height) and sterilized at 121 ºC for 20 min. Then, 1 μL of the bacterial 
suspension was inoculated into 100 μL of LB liquid and one nanocellulose piece (that was 
previously immersed in LB for 2 h) in the individual wells of a 96-well microplate. For each 
substrate, 6 replicates and 6 blanks were used. The OD600 nm values were measured every 4 h over 
a 40-h period by a Multiskan™ FC microplate photometer (Fisher Scientific, USA) to monitor 
the growth of the D47 strain in the nanocellulose compared to its growth in the liquid medium. 
The OD600 nm values measured for cell density in BDN was normalized to the bare nanocellulose 
to exclude the background. In subsequent experiments, nanocellulose pieces were added into 50 
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mL of LB in a 250-mL Erlenmeyer flask with 0.1% inoculum at 25 ºC at 200 rpm for 24 h to 
obtain the BDN with homogeneously distributed bacterial cells.  
The micromorphology of BDN was observed under scanning electron microscopy (SEM) using a 
Magellan 400L High Resolution (FEI, Hillsboro, OR, USA). The samples for SEM imaging 
were prepared by critical point dehydration using ethanol and hexamethyldisilazane (HMDS) for 
the gradient elution process [31, 32].  
2.4. Degradation of durion by BDN 
Diuron degradation by adding BDN, free bacteria and bare nanocellulose was evaluated in 
mineral salt medium (MSM) over 2 days. 1 mL of the bacterial suspension (at ×1013 CFU mL-1) 
and the same volume of bare nanocellulose and BDN (about 13 pieces) was added into 50 mL of 
diuron-fortified MSM (10 mg L-1), respectively. All treatments were triplicated and incubated at 
25 ºC at 200 rpm. The concentrations of diuron and 3,4-DCA in each group was determined 
every 24 h. In addition, the ability of BDN in degrading a wide range of diuron (at the initial 
concentrations of 5, 10, 20 and 50 mg L-1) was investigated. Diuron-added MSM without BDN 
was used as a blank treatment. All treatments were triplicated and incubated at 25 ºC at 200 rpm. 
The concentrations of diuron and 3,4-DCA were detected daily over 5 days by HPLC.  
2.5. Chromatographic analysis of durion and 3,4-DCA 
The HPLC analysis was performed using a published method with minor modifications.[29] The 
samples were analyzed on an Agilent 1260 HPLC (Agilent, USA) equipped with a Kromasil C18 
reversed-phase column (5 μm × 4.6 mm × 250 mm). The mobile phase was acetonitrile and 0.1% 
formic acid (v:v, 65:35) at 1 mL min-1 and 30 °C. The quantitative analysis of the results showed 
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that diuron was detected at a wavelength of 252 nm, and its retention time (RT) was 4.51 min. 
The equation describing the calibration of the diuron concentrations (x) and the chromatographic 
response values (y) was y = 92.664x + 12.341 (correlation coefficient (R2) =0.9983) (see 
Figure S1 in the Supporting Information, SI). The limit of detection (LOD) was determined as 
the lowest concentration giving a response three times greater than the signal-to-noise (S/N) ratio. 
The limit of quantitation (LOQ) was estimated as 10 times of the S/N ratio.[30] The LOD and 
LOQ of diuron reached 32 μg L-1 and 116 μg L-1, respectively. For 3,4-DCA, the compound was 
also detected at a wavelength of 252 nm, and its RT was 5.38 min. The calibration formula was 
y = 85.095x + 10.545 (R2=0.9991) (see Figure S2 in the SI), implying that the HPLC method 
was reliable and sensitive for the analysis of diuron and its metabolite 3,4-DCA.  
2.6. Adsorption kinetics of diuron 
Diuron adsorption experiments were conducted in batches by adding 0.2 g of bare nanocellulose 
at 10.0±2.0% of moisture content into 50 mL of a solution of known diuron concentration 
(ranging from 0 to 20 mg L-1 respectively) in a 250-mL Erlenmeyer flask with a background 
electrolyte of 0.1 M CaCl2. Treatments without adding nanocellulose were set as the controls. 
The capped flasks were placed on a shaker at 150 rpm until the equilibrium was reached, and the 
temperature was maintained within 25±1 ºC. Next, the adsorption isotherms were investigated by 
adding 0 to 10.0 g of bare nanocellulose into 50 mL of a 20 mg L-1 diuron solution at 25 ºC. At a 
target contact time of 120 min, the suspensions were centrifuged and filtered, and the diuron 
concentrations in the supernatants were measured by HPLC. Every treatment was carried out in 
triplicate. To analyze the adsorption process, the equilibrium adsorption capacity (qe, mg g-1) was 
calculated as the following equation (Eq. 1) 
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𝑞𝑒 = 𝑉(𝐶0 − 𝐶𝑒) 𝑚⁄                                                         (1) 
where C0 and Ce (mg L-1) are the initial and equilibrium diuron concentrations in the aqueous 
solution, V (mL) is the volume of the solution, and m (mg) is the cellulose mass. Efficiency of 
adsorption (Ead, %) was calculated according to the following equation (Eq. 2) 
𝐸𝑎𝑑 = 100(𝐶0𝑉0 − 𝐶𝑒𝑉𝑒)/𝑚                                             (2) 
The adsorption kinetics were investigated using the pseudo-first-order and pseudo-second-order 
models at 25 and 40 ºC, respectively. Furthermore, the applicability of the Langmuir and 
Freundlich isotherms was validated by the modeling methods. The analysis of related parameter 
was provided in Table S1 (see SI). 
2.7. Detection and identification of diuron biodegradation products by BDN 
The metabolic products were collected and identified to model the transformation pathway 
during the enzymatic degradation of diuron. BDN was inoculated into 50 mL of a diuron-spiked 
medium at 10 mg L-1 and placed on a rotary shaker at 200 rpm at 25 ºC. Every 1 mL of liquid 
sample was collected at intervals of 12, 24 and 48 h after incubation and centrifuged at 10000 
rpm for 20 min. The supernatant was filtered using syringes with nitro-cellulose membrane (0.22 
μm, CNW, Shanghai, China) into a 1.5 mL vial to remove bacteria cells or other fragments 
before analyzing by liquid chromatography tandem mass spectrometry (LC-MS/MS) (Agilent 
1290-6545 UHPLC-Q-TOF, Agilent, USA). The byproducts were analyzed with an Agilent 
ZORBAX Eclipse Plus C18 column (100×2.1 mm, 1.8 μm) by following a previously reported 
method.[33, 34] Methanol and 0.1% formic acid (v:v, 65:35) were used as the mobile phase. The 
m/z of diuron is 233.02 Da, and the detection of the fragments by mass spectrometry was 
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scanned under both the positive and negative ion modes with an m/z range of 50~500 Da. The 
chemical structures of the daughter ions with high richness were analyzed to propose the 
biodegradation pathway of diuron.  
2.8. Diuron degradation in environmental matrices 
The availability of BDN during the diuron degradation was evaluated in three environmental 
samples, namely, the water and soil in an agroecosystem and the surrounding surface water. 
Briefly, for each matrix, two experimental stages were studied under sterilized and non-sterilized 
conditions, sequentially. In the first stage, the test substrate was previously purified and sterilized 
by autoclaving at 121 °C for 20 min to exclude uncertain factors from the matrix. Then, in the 
second stage, the degradation test was conducted in untreated environmental samples to reveal 
the practical performance of BDN composites. It is generally accepted that the bioremediation of 
contaminants by active bacteria is more effective and rapid in sterile conditions than in non-
sterile conditions since the enzymatic degradation is easily affected by multiple environmental 
factors. Therefore, the experimental period in sterile samples was set within 48 h to more 
precisely evaluate the changes in the concentrations of diuron and 3,4-DCA. However, the 
degradation process was slower in non-sterilized environmental samples for the impacts of 
external factors, so the experimental period was set within 5 days when studying the removal of 
diuron in unsterile environmental samples. 
First, the water samples were collected from a paddy field in Duhu Village, Guangdong, China. 
After being filtered and sterilized, 1 mL of the bacterial suspension (at ×1013 CFU mL-1) and the 
same volume of BDN (at 13 pieces and the cell density at ×1013 CFU mL-1) was added into 50 
mL of diuron at an initial concentration of 5 mg L-1. The non-bacteria-supplemented group was 
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set as the control, and each treatment was performed in triplicate. The concentrations of the 
residual diuron were measured at the intervals of 2, 24 and 48 h by HPLC. In the second stage, 
the same dosage of BDN were added into 50 mL of the untreated water with diuron at initial 
concentrations of 1, 5 and 10 mg L-1. The triplicate samples and treatments without BDN were 
used as the controls. After incubation on a shaker, residual diuron was monitored within 5 d by 
HPLC. Next, the soil samples were collected in Duhu Village, Guangdong, China. In addition, 
the surface water was sampled from a river close to farm land in Boluo, Guangdong, China. The 
experimental protocol was followed as mentioned before. 
2.9. Degradation of other PUHs by BDN 
Diuron belongs to a group of agrochemicals called PUHs, which include various commercial 
types. Here, the degradation ability of BDN was further investigated to other PUHs, including 
linuron, chlortoluron and isoproturon. 13 pieces of BDN were added into 50 mL of MSM 
medium with each herbicide at an initial concentration of 5 mg L-1. Additionally, 1 mL of the 
bacterial suspension (at ×1013 CFU mL-1) and the same volume of bare nanocellulose (at 13 
pieces) was added into 50 mL of herbicide-fortified samples (at an initial concentration of 5 mg 
L-1). The same medium without supplement was used as a blank treatment, and all treatments 
were conducted in triplicate. After incubation, the residual concentrations were determined after 
24 and 48 h. The quantification methods for the three herbicides were validated by HPLC 
(shown in SI Figure S3). 
3. RESULTS AND DISCUSSION  
3.1. Characterization of BDN 
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Bioremediation by microorganisms harnessing xenobiotic compounds as their sole carbon and/or 
nitrogen source is one of the most advantageous methods for the permanent clean-up of 
environmental contaminants [11, 35]. When applying those microorganisms directly to the 
environment, the biodegradation performance could be easily inhibited by a variety of factors, 
such as the instability and decreased functionality of the introduced microbes under changeable 
environmental circumstances. To tackle the survival and activity of pollutant-degrading bacteria, 
nanomaterials with excellent properties may offer exciting possibilities. In Figure 1a, A. 
globiformis D47 bacteria demonstrated typical sigmoidal growth after being inoculated into 
portions of nanocellulose, where they experienced lag, exponential and stationary phase 
sequentially over 40 h. In the BDN, the D47 strain reached the highest cell density 
(approximately 4.6×1013 CFU mL-1) within 36 to 40 h, showing the same growth tendency as 
that of the cultivation in the liquid medium.  
Next, we evaluated the degradation of diuron using BDN in MSM while the control effects of 
free bacteria and bare nanocellulose were simultaneously monitored.  As shown in Figure 1b, the 
decline of diuron by free bacteria was significant that 86.5% of initial diuron (at 10 mg L-1) was 
degraded in 48 h with the accumulation of the metabolite 3,4-DCA, indicating that the enzymatic 
degradation mainly contributed to the reduction of diuron by free bacteria. In the treatment of 
bare nanocellulose, the residual diuron stabilized at approximately 7.0 mg L-1 after 48 h without 
3,4-DCA detected, suggesting the removal of diuron by free nanocellulose was most likely 
caused by reaching the equilibrium of physical adsorption. On the other hand, diuron decreased 
more rapidly in the treatment of BDN with a high removal percentage (above 90%) in 48 h, 
implying the combination of bacteria and nanocellulose may provide the BDN hybrids with a 
synergistic effect in diuron removal. In addition, the ability of BDN in degrading a range of 
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diuron (initially at 1 to 50 mg L-1) was studied since the residual levels of diuron may differ 
widely when applying BDN in the real environment. From Figure 1c, the concentration of diuron 
was dramatically decreased; in fact, approximately 99% of the fortified diuron was removed 
within 3 d.  
Along with the diuron degradation, the distinct accumulation of its metabolite 3,4-DCA was 
monitored over 5 d and gradually declined after the 2-day period (Figure 1d). Since the peak 
levels of 3,4-DCA were positively correlated with the initial diuron in each treatment, 3,4-DCA 
could be the most common byproduct formed during diuron biodegradation, which is consistent 
with previous investigations.[26, 36]_ENREF_32 After further optimized by single-factor 
experiments, the final prepared BDN demonstrated an improved degradation efficiency with 85% 
of the added diuron (initially at 1 to 50 mg L-1 in MSM) being removed after 24 h of treatment 
(in SI Figure S4 and Table S2). Therefore, these results indicate that BDN composites were able 
to rapidly degrade diuron, especially at low residual levels, which may endow these composites 
with a more advantageous performance against diuron pollution at environmentally relevant 
levels.  
Because of the proliferation of the immobilized D47 strain, BDN showed higher turbidity than 
the transparent untreated nanocellulose, as determined by visual observations. In Figure 2a, the 
SEM images illustrate that bare nanocellulose consisted of abundant and uniform nanofibers that 
formed a stable and flexible net structure. After immobilization, the network of nanocellulose 
remained rich and cross-linked but was densely filled with bacteria (Figure 2b). Interestingly, 
two typical shapes of A. globiformis (irregular rods and spheres) were captured by SEM, 
clarifying the excellent flexibility and impressive biocompatibility of the nanocellulose (Figure 
2b, 2c). Thus, nanocellulose was qualified as an ideal bio-support for A. globiformis D47 
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immobilization to fabricate the BDN composites as simple and efficient bioreactors in diuron 
removal.  
3.2. Diuron adsorption kinetics and isotherms with nanocellulose 
Nanocellulose is a linear polysaccharide that consists of methylol and hydroxyl groups in each 
repeating molecular unit. These functional groups endow the biopolymer with excellent 
hydrophilicity and an affinity towards xenobiotic compounds [37]. To determine the mechanism 
of diuron removal by the BDN biocomposites, a series of experiments were conducted to analyze 
the adsorption of diuron by bare nanocellulose material. First, the plots of Qt versus time for 
various initial concentrations of diuron (5, 10 and 20 mg L-1) are presented in Figure 3a. The 
absorption capacity of the nanocellulose increased dramatically with time and reached 
equilibrium in 3 h. After 5 h of contact time, the Qt values reached a plateau at 4.7, 2.7 and 1.6 
mg g-1 and remained stable afterwards. From the calculation of the Ead, the values ranged from 
25.2% to 33.4%, and a higher efficiency of absorption was found at a lower initial diuron 
concentration, which indicated that the nanocellulose was capable of effectively adsorbing a 
range of diuron residue concentrations, particularly at environmentally relevant concentrations. 
Then, the adsorption kinetics were investigated to describe the diuron absorption rate under 
different temperatures (at 25 and 40 ºC), which was fitted linearly by using the pseudo-first-order 
and pseudo-second-order models (Figure 3b, 3c). The kinetics parameters obtained are 
summarized in Table 1. From the two models, the R2 values were calculated in the range of 0.887 
to 0.997, and higher coefficients were determined via the pseudo-second-order kinetics model 
with more accordant Qe values at the theoretical and experimental levels. Therefore, the results 
indicate that the diuron uptake in nanocellulose can be described well using the pseudo-second-
order model, suggesting that the adsorption process was more likely controlled by the 
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chemisorption behavior, which was in good agreement with previous studies of pollutant 
adsorption using cellulose-based nanocomposites [38-40].  
In addition, the adsorption isotherms of diuron on nanocellulose was also examined at 25 ºC 
according to the Langmuir and Freundlich isotherms (Figure 3d, 3e). The equilibrium data was 
then linearly fitted by the two classic models, which provided a greater understanding of the 
interaction between the adsorbate and adsorbent. The Langmuir isotherm is valid for monolayer 
adsorption on a homogeneous surface with equivalent and identical sites, whereas the Freundlich 
model interprets multilayer adsorption on a heterogeneous surface with interactions between the 
adsorbate molecules and the adsorbent.[40] According to the model parameters, as shown in 
Table 1, the equilibrium data were well fitted in two models with R2 values of 0.966 and 0.987, 
respectively. Interestingly, the simulated Qm (at 0.536 mg g-1) from the Langmuir plot was 
different from the experimental data (at 1.573 mg g-1), suggesting that the adsorption of diuron 
onto nanocellulose was not solely promoted by the monolayer-forming adsorption. In addition, 
the constant 1/n from the Freundlich model was above 1.0 (at 1.091), reflecting that the 
adsorption of diuron was more likely a multilayer chemical process with a non-uniform 
distribution of absorption sites over the heterogeneous nanocellulose surface. This feature, also 
in accordance with previous kinetics analyses, could be attributed to the affinity of the functional 
groups on the cellulose chains. In summary, the efficient adsorption capacity of nanocellulose, 
serving as an important part of the diuron removal mechanism, facilitated the rapid elimination 
of diuron in contaminated environments by the BDN biocomposites.  
3.3. Identification of metabolites during diuron biodegradation  
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According to the aforementioned results, the adsorption capacity of BDN’s carrier nanocellulose 
was validated, but it only partially contributed to the removal of diuron. The key mechanism of 
diuron elimination by BDN was still unclear. Given that BDN was assembled by carrier material 
and bacteria D47, the influence of the latter component was investigated through the 
identification of byproducts formed during the biodegradation of diuron since the microbial 
transformation is reported as the most efficient way to decompose diuron in a natural 
environment [22]. As shown in SI Figure S5, five compounds with high abundance were 
detected from the LC-MS/MS analysis. Compound I eluted at RT 4.82 min with a characteristic 
mass fragment at m/z 233, which exactly matched the parent ion of diuron. Therefore, compound 
I was identified as diuron. The remaining four compounds were characterized as N,N-dimethyl-
N-phenylurea, 3-(3-chloro-4-hydroxyphenyl)-1,1-dimethylurea, 1-(3,4-dichlorophenyl)-3-
formylurea and 3,4-DCA, respectively, based on the similarity of their retention times and 
molecular ions (in SI Table S3).  
Based on the chemical structure of diuron and those of the identified intermediates, the 
degradation pathway of diuron by BDN was identified as shown in Figure 4. Initially, the 
aromatic ring of diuron is dechlorinated and oxidized, sequentially forming 3-(3-chloro-4-
hydroxyphenyl)-1,1-dimethylurea and N,N-dimethyl-N-phenylurea. Furthermore, diuron is 
decomposed by methyl oxidation and demethylation, followed by the cleavage of the C-N bond 
to produce its major metabolite 3,4-DCA, which agrees well with previous studies on the biotic 
degradation of diuron [11, 41]. Additionally, various fragments having small molecular masses 
were detected in the LC-MS/MS analysis, which implied that the aforementioned metabolites 
could eventually break down into compounds with simple structures that may impose less 
toxicity to the environment. Since the BDN biocomposites were decorated with the D47 strain, 
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the functional bacteria could efficiently drive the rapid degradation process, and thus enzymatic 
degradation functioned as the major mechanism of diuron removal by prepared BDN. 
3.4. Diuron degradation in real environmental matrices 
Due to the potential threat to non-target organisms caused by residual diuron, it is essential and 
necessary to investigate whether BDN possesses the capacity to remove and degrade diuron 
accumulated in different environments. Therefore, the elimination of diuron was evaluated in 
three matrices that were easily exposed to diuron residue. According to our two-stage design, the 
degradation capacity of BDN was validated, where water and soil from a farming region and the 
surrounding surface water were applied as the test matrices, which were spiked with a range of 
diuron concentrations (initially from 1 to 10 mg kg-1/mg L-1) (Figure 5). To be specific, BDN 
was first added into sterilized paddy field water spiked with diuron at an initial concentration of 
5 mg L-1, and the bacterial suspension was introduced for comparison. Although the residual 
concentration of diuron decreased rapidly in both treatments with time, the removal rate of the 
BDN-treated group was higher than that of the pure bacterial treatment possibly because of the 
adsorption of the nanocellulose scaffold (in Figure 5a). After 48 h, diuron was not detected in 
either treatment, whereas the compound remained in the control sample. Meanwhile, the major 
intermediate 3,4-DCA appeared over 24 h and then gradually declined, which further supports 
the concept that the elimination of environmental diuron by BDN could be a result of the joint 
action of microbial degradation and material adsorption. Figure 5b illustrates the degradation 
process of diuron by the BDN biocomposites applied in original paddy field water in the second 
stage, showing the rapid reduction of this herbicide within 5 d. In the same period, the 
accumulation of the 3,4-DCA metabolite increased rapidly, peaked after 2 d and subsequently 
decreased, which agrees well with the investigation in the first stage.  
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In addition, the soil collected from the paddy field was also applied as another environmental 
matrix for diuron degradation. Following a similar protocol, diuron and its metabolite 3,4-DCA 
were effectively removed by the BDN biocomposites (Figure 5c, 5d), but the degradation 
efficiency was less significant compared to the treatment in aqueous conditions since a very 
small amount of diuron residue (< 0.5 mg kg-1) was still detected after 5 d, which could be a 
result of the slower mobility of the degrader in the soil environment. Nevertheless, the 
degradation process was much faster than its natural dissipation [11, 22], suggesting that the 
application of BDN could remarkably facilitate the elimination of diuron in soil. Meanwhile, the 
performance of diuron removal was further validated in river water as the reaction matrix. 
Likewise, diuron residue and its more toxic metabolite 3,4-DCA were rapidly decomposed with 
the addition of BDN biocomposites (Figure e, 5f). Overall, the application of BDN demonstrated 
outstanding removal of diuron pollution in various environments, which highlighted the 
advantageous and competitive potential of BDN in eliminating the possible threats resulting from 
diuron residue.   
3.5. Degradation of other PUHs 
For decades, PUHs have been developed into a variety of commercial materials to become one of 
the most commonly used chemical families for both the pre- and post-emergence control of 
weeds in agricultural crops, as well as for public maintenance [42, 43]. To explore the utilization 
of BDN in remediation of this family, three common PUHs were applied as the target 
compounds, namely, chlortoluron, linuron and isoproturon. As shown in Table 2, BDN exhibited 
rapid degradation of chlortoluron and isoproturon. Greater than 90% of herbicides were degraded 
within 48 h, whereas the degradation rate of linuron only reached 50.2%. Despite the lower 
efficiency compared to the removal of the former PUHs, the removal of linuron residue by BDN 
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was sufficiently effective, demonstrating its potential for practical applications. Hence, the 
prepared BDN biocomposites displayed low substrate specificity, meaning that multiple PUHs 
could be applied as its targets. Besides, the fact that PUHs were more efficiently degraded by 
BND than free bacteria and bare nanocellulose may suggest that the hybrids facilitated a 
synergistic degradation on PUHs, which could largely broaden the availability and applicability 
of the BDN composites for the removal of environmental PUH contamination. 
4. CONCLUSION  
In summary, the present BDN hybrids demonstrated more efficient degradation and wider 
applicability in the remediation of diuron pollution than the direct use of free bacteria and bare 
nanocellulose. The adsorption capacity of the nanocellulose and the enzymatic metabolism of the 
bacteria jointly contributed to the rapid removal by BDN in the environmental samples. The 
results also exhibited the potential and advantages of the BDN method employing functional 
microorganisms combined with emerging nanomaterials, which may facilitate the bioremediation 





Figure 1. Characterization of BDN. (a) The growth tendency of A. globiformis D47 in liquid 
medium and nanocellulose. (b) Degradation of diuron (at initial 10 mg L-1) by free bacteria D47, 
bare nanocellulose (NC) and BDN. (c) Degradation of diuron at initial 1~50 mg L-1 by BDN. (d) 









Figure 3. Diuron adsorption by bare nanocellulose. (a) Adsorption equilibrium of diuron at 
various initial concentrations. (b) Pseudo-first-order model. (c) Pseudo-second-order model. (d) 










Figure 5. Diuron removal by BDN in environmental matrices. (a) In sterilized and (b) original 
paddy field water; (c) in sterilized and (d) original paddy field soil; and (e) in sterilized and (f) 
original river water. In b, d and f, the solid lines represent the residue of diuron, while the dashed 















25 1.46 1.28 0.0014 min-1 0.887 
40 1.69 1.56 0.0025 min-1 0.932 
Pseudo-second-order 
25 1.46 1.35 0.0908 g/(mg min-1) 0.997 
40 1.69 1.80 0.0445 g/(mg min-1) 0.988 
Isotherm 
Langmuir  25 1.57 - 16.26 L g-1 0.966 
Freundich 25 1.57 - 14.61 mg g-1 0.987 
Note: Qe, exp is the actual adsorption determined in the experiments, and Qe, cal is the calculated value according to the kinetic models. 





Table 2. The degradation of various PUHs by BDN, free bacteria and bare nanocellulose 
 
PUH 
Residual concentration (mg/L) 
(Removal percentage (%)) 
BDN Free bacteria Bare nanocellulose CK 




















































Note: The initial concentration of each PUH was 5 mg L-1. The data of residual concentration are the mean of three replicates with 
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